Graphene nanoflakes in different weight percentages were added to polyurethane top coatings, and the coatings were evaluated relative to exposure to two different experimental conditions: one a QUV accelerated weathering cabinet, while the other a corrosion test carried out in a salt spray chamber. After the exposure tests, the surface morphology and chemical structure of the coatings were investigated via atomic force microscopy (AFM) and Fourier transform infrared (FTIR) imaging. Our results show that the addition of graphene does in fact improve the resistance of the coatings against ultraviolet (UV) degradation and corrosion. It is believed that this process will improve the properties of the polyurethane top coating used in many industries against environmental factors.
Introduction
Polyurethane (PU) is one of the main coatings used in the aircraft and many other industries. PU has important applications in coatings because of its outstanding properties, such as high tensile strength, chemical and weathering resistance, good processability, and mechanical properties [1] [2] [3] . However, since PU is an organic coating and subject to deterioration, its degradation has been investigated for years [1, [4] [5] [6] [7] [8] [9] [10] . The three critical factors for environmental degradation are ultraviolet (UV) light, water, and oxygen [8, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The polymeric material generally degrades when it is exposed to these environmental influences. UV irradiation irreversibly changes the chemical structure of films and thus affects both the physical properties-loss of gloss, yellowing, blistering, cracking, and so forth-and the mechanical properties-loss of tensile strength, brittleness, changes in glass transition temperature ( ), and so forth [1] . In the coating degradation theory [4, 20] , the presence of oxygen generates hydroperoxides, which in turn accelerates photodegradation of the polyurethane. The presence of water molecules is also another factor accelerating this process. Unsaturated bonds of polymers can be activated first under UV exposure and then react with oxygen to generate carbonyl or peroxide groups. This results in the formation of carbonyl, peroxide, ketone, or aldehyde groups near the coating surface. Weathering degradation of PU can be reduced with the help of novel approaches.
An assortment of approaches can be undertaken to protect coatings against weathering conditions and radiation failures [7, [21] [22] [23] [24] [25] [26] . To reduce UV degradation, UV screeners [27] are inserted into the bulk polymer. In general, these additives absorb UV light by themselves and minimize the amount of UV light absorbed on the surface of the polymer. UV screeners are high in cost and degrade because of the heavy UV exposure [7, 22, 23, 28] .
Applying nanomaterials to coatings, a recent practice for newly developed coating systems, has shown better performance. Nanomaterials were used to improve the properties of the coating because the nanomaterials have exceptionally high surface area-to-volume ratio which gives rise to exceptional properties in the new products. Since the aspect ratio is high, the addition of a small weight percentage of nanomaterials is sufficient to achieve the desired properties. Therefore, the properties can be drastically improved with negligible increase in weight. The nanoadditive that was used in preparing the nanocomposite coating was graphene, which was in the form of sheets having a thickness ( -dimension) in the nanolevel (<10 nm).
Graphene is the most basic form of carbon. It is composed of sp2 bonded carbon atoms arranged in hexagonal pattern in a 2D plane. The lattice of graphene consists of two triangular shaped sublattices. The sublattices are overlapped in such a way that carbon atom from one atom sublattice is at the centroid of the other sublattice. The distance between two centroid atoms is 1.42Å [29, 30] . Each carbon atom has one s-orbital and two p-orbitals, which result in exceptional mechanical strength of the graphene sheet. The versatile and unique properties of graphene have made it a very popular material for applications in different fields such as electronics, optics, sensors, and mechanics. Therefore, the coating system containing graphene has advantages compared to current nanoparticle-based polyurethane coatings since graphene absorbs most of the incident light and prevents degradation of the polyurethane coatings by solar irradiation. In addition, graphene provides hydrophobicity on the surfaces of the coatings and slows down the degradation process of the coatings from environmental influences, such as water, UV light, and oxygen. The insertion of nanoparticles is one of the most promising methods to improve both mechanical and weathering properties of polymeric coatings [24, 25] .
Applications of nanomaterials in coatings are a recent practice for newly developed coating systems with better performance. The nanoparticles used in coatings are SiO 2 [21, 24] , TiO 2 [25, 31, 32] , ZnO [27] , Al 2 O 3 [33] , and ZnS [26] . Selection of the nanoparticles is based on the inherent properties they possess. The improvement of mechanical and weathering properties is a result of the much greater surface area-to-volume ratio of the nanomaterial. Two of the nanoparticles listed above, titania and zinc oxide, are used as UV blocking agents [27] . Although they improve the antiweathering properties of the coatings, anatase titania nanomaterials produce free radicals due to their photocatalytic properties. Recently, Mirabedini et al. [31] studied the weathering performance of polyurethane nanocomposite coatings through suppressing the photocatalytic activity of titania modified with silane molecules. However, considering the mechanism of environmental weathering, water is one of the factors to accelerate the process and should be considered. In addition, to improve mechanical robustness and anticorrosion properties of the polyurethane, it is important to select the intrinsic properties of the nanomaterials. Therefore, graphene is an ideal candidate for this improvement since it absorbs most of the light and provides hydrophobicity for repelling water.
Our recent work [29] has proved that the insertion of graphene into polymer film increases water repellency. Graphene possesses exceptional mechanical strength (∼0.5 TPa) [34] , nanoscale dimensions, [34] and hydrophobicity, [29] and is cost effective. In addition, graphene nanomaterials absorb most of the incident light, and the insertion of small amounts of graphene nanomaterials does not affect the transparency of the film [34] . Therefore, graphene may be an ideal material to enhance mechanical and anticorrosion properties of top-layer coatings. To date, there have been no reports on enhanced anticorrosion of polymeric coatings associated with graphene. Therefore, the weathering performance of polyurethane coatings was investigated with the addition of varied amounts of graphene. Based on our hypothesis, the weathering process can be prevented and/or retarded by the use of graphene since it absorbs incident light, provides mechanical durability, and increases hydrophobicity for the top coating.
Experimental
2.1. Materials. Glass fiber-reinforced composite coupons 2.5 cm × 5.0 cm in size were used as test samples. We employed the prepreg lay-up technique combined with the vacuum-bagging process to fabricate the coupons. Epoxy primer was used to paint the base coat on the composites. Epoxy adduct is a polyamine-based compound that works as a hardener in conjunction with the primer. Polyester urethane-based compound shows excellent bonding with epoxy primers, so it was used as the top coat. A hardener was employed in conjunction with the top coat. Nanosize graphene platelets were purchased from Angstron Materials, product number N008-100-N. At least 80% of graphene platelets had a -dimension < 100 nm.
Methods.
The coating system employed on a composite substrate generally consists of two layers: an epoxy-based primer and a polyurethane-based top coat. The glass fiberreinforced plastic (GFRP) specimens used as substrates were first coated with a base primer. Next, top coats containing the nanoadditives in different weight percentages were applied. The specimens were degraded by exposing them to two different experiments conditions: one using a QUV accelerated weathering tester, and the other a corrosion test carried out in a Singleton salt spray chamber. After exposure, the surface morphology and chemical structure of the coatings were investigated with atomic force microscopy (AFM) and Fourier transform infrared (FTIR) imaging.
Graphene nanoflakes were mixed well with the polyester urethane top coat via 30 minutes of probe sonication followed by two hours of high-speed mechanical agitation. The top coats were spray-coated onto the composite samples using a Preval spray gun. The spray process was controlled to limit the thickness of the coating to 1.5 mils (∼40 microns). The samples were air-dried at room temperature for 24 hours. The total thickness of the coating system (base primer + top coat) was around 3 mils (∼75 microns). To ensure uniform testing conditions, the aim during the coating process was to maintain uniform coating thickness on all test specimens. We maintained the coating thickness of 3 mils (∼75 microns) on all the specimens. The thickness of the coating was measured using a coating thickness gauge (PosiTest DFT Combo).
To prove our hypothesis, the samples coated with polyurethane top layers with various graphene nanoflake concentrations between 0% and 6% were prepared. Briefly, graphene nanoflakes were mixed well with the polyurethane top coat via ultrasonication. The glass fiber-reinforced plastic (GFRP) specimens were first coated with the base primer. Then, the top coats were spray-coated onto the composite samples using a Preval spray gun. The spray process was controlled to limit the thickness of the coating to 1.5 mils (∼40 microns). The total thickness of the coating system (base primer + top coat) was around 3 mils (∼75 microns). By simulating sunlight and rain or dew, the samples were alternatively placed in the UV chamber and salt-corrosion chamber in intervals of 12 hours. This process was followed for 20 days. The samples were characterized for change after 0, 4, 8, 12, 16, and 20 days.
The glass fiber-reinforced plastic specimens were first coated with a base primer. The standard base coat was prepared by mixing the epoxy primer with an epoxy adducts. The primer and the curing agent were mixed in a 1 : 1 weight ratio. The mixture was then slowly stirred for 15 minutes induction time before being applied onto the specimens. After the base primer had cured on the specimens, the top coat was then applied. The standard top coat was prepared by mixing a white paint with the hardener. The top coat and the hardener were mixed in a 1 : 1 weight ratio. The paint mix was given a 30-minute induction time for optimum application performance. The nanocomposite top coat was prepared by adding the graphene to the standard base coat in weight percentages of 0%, 2%, 4%, and 6%. The nanoadditives were added to the paint. Then, the mixture was stirred by a stir bar in an alternating magnetic field at room temperature for two hours. The mixture was then placed in a sonicator for 30 minutes to ensure good dispersion. The hardener was then added and stirred for five minutes using a glass stirrer.
A UV chamber in which UV light of wavelength causes degradation of the coating surface was used to simulate the environmental degradation conditions. The test was carried out according to ASTM D4587-09, which prescribes the standard procedure for UV-condensation exposures of paint and related coatings. The UV chamber has an arrangement of UVA-340 lamps, which can produce the UV spectrum. The UV chamber used in our testing was purchased from Q-Panel Company and is known as a QUV accelerated weathering tester.
In addition to UV light, other environmental factors, such as rain, humidity, and atmospheric pollutants, can also cause degradation of the coating surface. The salt spray chamber was therefore used to replicate these conditions. The corrosion test was carried out in a Singleton salt spray chamber according to ASTM B117-09. The reservoir of the salt spray chamber was filled with 5% salt solution as prescribed by standard ASTM B117-09. The temperature inside the salt fog chamber was maintained at 32 ± 3 ∘ C. The samples were placed on a rack at a 15-degree angle, pH 6.8-7.2, and average fog concentration of 1.2 mL/h. The samples were alternatively placed in the UV chamber and corrosion chamber in intervals of 12 hours. The UV chamber replicated the dry atmospheric conditions while the salt fog chamber replicated wet atmospheric conditions. This process was followed for 20 days. It is the alternating cycles of wet and dry conditions that lead to the formation of chemical compounds such as aldehydes, ketones, and peroxides inside the coatings which lead to blister formation in coatings.
Kim and Urban [34] reported the photodegradation of polyurethane coatings. The UV light causes scission of the urethane group, and the presence of the oxygen causes oxidation of the central CH 2 group between the aromatic rings resulting in the formation of carbonyl, peroxide, ketone, or aldehyde groups near the coating surface [35] [36] [37] [38] [39] . The soluble oxidation products dissolve in water and get absorbed into the coating during the wet period. However, during the dry period, the oxidation products are not able to escape, resulting in adsorption. The alternate cycles of absorption and adsorption produce an osmotic pressure which blisters the surface of the coating.
In order to study the degradation mechanism of the polyurethane coating, an attenuated total reflectance (ATR) FTIR study of the test samples was conducted after the UV exposure. A detailed study of the FTIR plots was carried out using a Thermal Nicolet Magna 850 IR spectrometer. In order to conduct the ATR-FTIR, a modular attachment called the Nicolet NIC-Plan was attached to the original Thermal Nicolet Magna 850 IR spectrometer.
The surface properties of the films were investigated via an optical water contact angle goniometer, which was purchased from KSV Instruments Limited, Model CAM 100. The goniometer has a built-in camera along with a software interface, which automatically snaps the profile of the liquid on the surface. The software then uses an applicable formula (Young-Dupre's equation) to automatically determine the water contact angle. AFM was used to image the surfaces of the coating before and after UV and corrosion exposure. A micro-or nanosized cantilever with a silicon or silicon nitride sharp tip (probe) was utilized to scan the specimen surface. The AFM used in our characterization process was a MFP-3D-SA Stand Alone AFM purchased from Asylum Research.
Results and Discussion
In this study, 50 × 50 m square sections on the surface of the coatings were studied under the microscope to observe their topographical changes as a result of degradation at microand nanoscales. The surface roughness of the polyurethane coatings with 0% and 2% graphene was around 20 nm. The polyurethane surface became rougher, and its transparency was lower when the amount of graphene reached 6%. The coatings with varied amounts of graphene showed excellent anticorrosion performance. The coatings with 0% and 2% graphene addition are discussed in detail. Figure 1(a) shows the AFM images of the surface of a glass fiber-reinforced composite specimen with the polyurethane top coat containing 0% graphene inclusions after four days of UV and corrosion exposure. It can be clearly seen that dark pits have been formed on the surface, and the depth of pits, from section analysis of the AFM image, is around 50 nm. The diameters are between 5 m and 20 m. Also, the crack growth advances; the crack length at this stage is around 30 m and the average width is around 40 nm. Figure 1(b) shows the AFM images of the surface of glass fiber-reinforced composite coated with the polyurethane containing 0% graphene after 12 days of UV and corrosion exposure. The crack formation on the polyurethane coating suggests advancement in the degradation process. The number of pits that have been formed on the surface have increased exponentially. The increase in porosity of the surface will lead to a further increase in the rate of degradation since it is easier for the moisture to seep into the coating. The larger scale pits (dark spots) are also visible on the PU coatings after the UV and salt spray degradation.
In contrast, from the AFM image of the polyurethane (Figure 1(c) ) coatings with 2% graphene under four days of UV and corrosion exposure, no visible scale pits or cracks are observed. However, Figure 1 the composite coated with polyurethane containing 2% graphene after 12 days of UV and corrosion exposure. When compared to Figure 1(b) , it can be seen that the coating containing 2% graphene displayed superior properties because even after 12 days of combined UV and corrosion exposure, there is very little progress in the degradation. The only major visible sign of degradation is the presence of cracks, though without any pit formation, as seen in Figure 1(d) . Although the polyurethane coatings with the addition of 4% and 6% graphene show excellent antiweathering performance, the surfaces of the coatings are rough, and the transparency of the coatings is reduced. These kinds of phenomena are also discussed in connection with other nanocomposite polyurethane coatings [31, 32] .
Overall, the AFM microscopy has served as a good visual indicator of the degradation process. Two conclusions can be drawn from the AFM images. First, it has been shown that a nanoadditive-like graphene, when added to a coating, can act like a reinforcement that binds the pigment cells and increases the resistance of the coating against environmental factors, such as UV degradation and corrosion. Graphene absorbs all of the light and provides hydrophobicity. Second, it has reestablished the mechanism of coating degradation, which proceeds through the formation of blisters, pits, and cracks on the surface, resulting in the loss of coating properties.
The surface properties of the polyurethane coatings were investigated for hydrophobicity. After the addition of graphene, the hydrophobicity of the coatings increased. It can be seen in Figure 2 that the 0% polyurethane coating suffers the largest decrease in contact angle with UV exposure time. At 0 days of UV exposure, the coating has a contact angle of 77.03 ∘ . However, at the end of the test cycle (20 days), the contact angle falls to 52.44
∘ . The contact angle has decreased by almost 32%. However, the coatings with graphene show that the contact angle is higher than 80 degrees. The contact angles of polyurethane coatings decrease faster than those of coatings with added graphene. The addition of graphene in different percentages does improve the resistance against UV degradation, which is reflected by the smaller reduction in contact angle of the samples containing graphene inclusions. The coating containing 2% graphene seems to give the best results, as shown in Figure 2 . The coated sample containing 2% graphene had an initial contact angle of 87.09
∘ . After 20 days of UV exposure, the contact angle decreased by around 10 degrees. It was seen that any further increase in weight percentage of graphene does not significantly improve the resistance against UV degradation. In fact, an increase in weight percentage of graphene beyond 6% might deteriorate the properties of the coatings. In comparison with polyurethane coatings with graphene addition, the polyurethane coating degraded quickly, and pits and cracks formed on the surface of the coatings. The holes and cracks, as can be seen in the AFM images, are the main reasons for decreasing the contact angle. This can be related to capillary action as well.
To understand the mechanism of the UV and corrosion damage of the coatings, ATR-FTIR was applied to further investigate any changes at the molecular level. The FTIR spectrum ( Figure 3) showed some changes in the properties of polyurethane coating as a function of UV exposure. The aim of carrying out the FTIR studies was to test the hypothesis that the degradation of the PU coatings may occur due to UV exposure by the formation of certain types of compounds, such as carbonyl, aldehydes, ketones, and peroxide groups, by the scission of chains in polyurethane. Figure 3 shows the ATR-FTIR spectrum of the PU top coat containing 0% graphene. The spectrum shows both positive peaks and negative peaks. The positive peaks may indicate the formation of new structures, while negative peaks may show the loss of breakage of structures as a result of the UV irradiation. At the left side of the graph (Figure 3) , the ATR-FTIR spectrum reveals that a band is formed at 3304.48 cm −1 . This peak can be a characteristic of stretching of the N-H group, which may suggest the formation of polyurea.
Towards right on the graph (Figure 3 ), a peak is seen at 2928.04 cm −1 , which may indicate the asymmetric and symmetric stretching of the CH 2 group. Moving into the region between 2000 and 1700 cm −1 , a vibration signal can be observed. This may be due to the vibration of the C=O bond. The peak at 1723.92 cm −1 indicates the stretching of the C=O bond. Another strong indicator of the presence of polyurea can be the peak at 1681.83 cm −1 . A peak at 1483.48 cm
may indicate a decrease in the C-H group, and a peak at 1248.81 cm −1 may indicate a reduction in C-O group. Finally, a peak seen at 1037.10 cm −1 may confirm the formation of an ester group. The decrease in C-H group and C-O directly points to chain scission of polyurethane. Figure 4 shows the ATR-FTIR spectrum of the PU top coat containing 6% graphene. This graph is mostly identical to the previous one, indicating a similar mechanism of UV degradation. Once again a peak is seen at 3323.44 cm peaks at 2928.05 cm −1 and 2858.28 cm −1 may indicate the stretching of CH 2 group. The vibration signal between 2200 cm −1 and 1700 cm −1 is followed by a series of peaks between 1700 cm −1 and 1400 cm −1 . The peaks may illustrate that chain scission possibly takes place as a result of the UV exposure. A single peak at 1248.52 cm −1 may be the indication of the reduction of C-O group. However, once again the absence of any negative peaks beyond 1100 cm −1 may hint towards smaller ester concentration. The decreased ester concentration strengthens the argument that graphene may possibly improve the resistance against the UV degradation by absorbing a substantial amount of the incident radiation. More studies will be needed to confirm this statement.
Conclusions
Graphene in different weight percentages was added to polyurethane coatings, and subsequently tests were conducted to check the variation in properties of the coatings. Test samples were prepared by the addition of 0%, 2%, 4%, and 6% weight percentages of graphene into standard polyurethane coatings. FTIR spectroscopy, AFM examination, and water contact angle tests were performed to quantify the variation in properties. The tests confirmed the hypothesis that addition of graphene does in fact improve the resistance against UV degradation and corrosion. The polyurethane coating containing 2% graphene showed greatly improved performance as compared to the standard polyurethane coating, since graphene provides hydrophobicity, absorbs incident light, and improves mechanical robustness of the coatings. Also, the detailed FTIR analysis reinforced the hypothesis that degradation of polyurethane coatings occurred due to the formation of certain water soluble compounds, such as carbonyls, aldehydes, ketones, and peroxides. Through a time series study of the AFM images at different stages of the UV and corrosion tests, the progression of degradation was explained in detail by the formation and enlargement of blisters, pits, and cracks. Overall, the research has provided a detailed overview of the mechanism of coating degradation and also suggested a means to arrest or decrease the rate of this degradation by the use of a nanoadditive, namely, graphene.
